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ABSTRACT s
\\f orbon (&

“In vivo oxidation of spec1f1cally labeled® 14(;—glucoso. and the actlvxty of
selected hepatic enzymes involved in glucose utilization were studied in rats
after the administration of glucagon, insulin or epinephrine. Compared to the
controls, glucagon doubled the oxidation of U-1 C-glucose and enhanced the
oxidation of 6- ,_ic-glucose and Z-Lfc—glucose oxidation by about 83%, but did
not affect oxidation of l-{ic-glucose. Administration of insulin enhanced
oxidation of U-,_‘}p -glucose by 68%, l-14c-glucose by 71%, and 2- Hc-glucosc by
73%, with no effect on 6-1L5C—glucose oxidation. Epinephrine enhanced
oxidation of 6- JL‘};—glucose by 38% and had no effect on 1- or Z—HC -glucose
oxidation,

Insulin and glucagon produced rapid reciprocal changes in the activities
of certain glycolytic and gluconeogenic enzymes and 1n the activity of acetyl
CoA carboxylase, a key lipogenic enzyme. Insulin produced a rapid increasc in
the activity of hepatic glucokinase, phosphofructokinase, pyruvate kinase and
glucose-o-phosphate dehydrogenase, and a rapid decrease in the activity of
glucose-6-phosphatase and fructose-1,6-diphosphatase. Glucagon produced a
rapid but reciprocal response in the activity of these enzymes. 1In addition,
glucagon enhanced the activity of phosphoenolpyruvate carboxykinase. The
effects of epincphrine were similar to those produced by glucagen. Both
glucagon and epinephrine increesod the level of ¢ clic AMP. The results of
this study suggest that glucagon and epinephrine stir:late the activity of the
tricarboxylic ac:d cycle, whereas 1insulin enhances the pentose cycle It
appears that in  vivo glucose utilization depends on the «x tive
concentrations of glucagon, insulin and epinephrine in the target tissues
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PREFACE i
i
K "J
N A camnprehensive study to delineate metabolic alterations underlying g
'y pathologic and nutritional hypoglycemia in humans was initiated in 1979 in the \
J Departments of Nutrition and of Medicine, LAIR., However, due to changes in *j
' the research program and the mission of the Institute, only the preliminary :
phase of the study was campleted. The initial phase was concerned with -
: hormonal effects on glucose metabolism in the laboratory rat. The results are 4
1 presented in the following report. ‘}
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DIFFERENTIAL EFFECTS OF GLUCAGON, INSULIN AND EPINEPHRINE ON IN
VIVO GLUCOSE OXIDATION AND HEPATIC ENZYME ACTIVITY [N THE RAT--Klain

INTRODUCTION

Glucose is an optional substrate for tissues such as muscle, adipose or
liver as these tissues can also use fatty acids to satisfy their energy neads.
Glucose, however, is an obligate substrate for the central nervous system,
since under physiological conditions, alternative substrates either are
excluded by the blood-brain barrier or circulate at concentrations too low to
be taken up in substantial quantities. Because the brain can neither
synthesize nor store adequate supply of glucose, normal cerebral function
requires a continuous supply of glucose from the circulation. Consequently,
maintenance of the plasma glucose concentration above some critical level is
essential to the survival of the brain and thus, the organism.

Plasma glucose levels irn the maunnalian orguanisn are maintaipsl hy &
series of coordinated enzymatic reactions involvini hepitic synit™sis and
breakdown of glycogyen. Many of the reactions are reversible and common to the
synthetic o¢rd degradative pathways. These reactions are always close to
equilibrium so that the rate and direction of flow of glucose carbons can be
chanjad by varilatieorns in the concentrations of substrates and/or products of
the  reactions, How ver, sore reactions of  the glycolytic pathway are
displacwd far fron equilibrium., They release a cunsider il amount of energy
4s heat, and taerefore, cannot be easily reversad., To ensuie the flow af
substrates in the reverse reaction, energy barricrs are byponsd wy otiwr
re~ctions which are also irreversible and are catalyzed by different enzymes.
The ant:goiistic reactions in the glycolytic and the gluconecjenic pathways
operate simultaneously but at different r.ates. ‘N2 irreversible recctions
between glucose and pyruvate are: (a) the interconversion of glucose and
gluccose-6-phosphate, catalyzed by glucokinase and glucose-6-phosphatase; (b)
the interconversion between fructose-6-phosphate and fructose-diphosphate
where phosphofructokinase 1s opposed by fructose-diphosphatase and (c¢) two
separate reactions at the pyruvate kinase bypass. Pyruvate is carboxylated to
oxaloacetate in a reaction involving ATP hydrolysis and catalyzed by pyruvate
carboxylase. Conversion of oxaloacetate to phosphoenolpyruvate involves a
decarboxylation and phosphate transfer from either guanosine tripnosphate or
inosine 5'-triphosphate, which is catalyzed Dby phosphoenolpyruvate
carboxykinase.
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e;"‘t The activity of these key enzymes may be modulated by various metubolic
:'. mechanisms, including the action of hormones. Hormonal effects may be short-
c}' term or long-term. The former may be achieved by affecting enzyme activity
‘:: without changing the amount of enzyme present. The latter may meet the
) functional needs of the organism by producing additional enzyme by
biosynthesis and by changing the degradation rates. These metabolic control
Wy mechanisms enable the organism to remove and conserve glucose efficiently from
"j the blood stream when the intake exceeds the demand and to rapidly form
-f'{ glucose from non-carbohydrate sources when the need arises. The main honmones
';3 affecting the key enzymes of glucose metabolism are insulin, glucagon and
i epinephrine, and on a slower time scale, the growth hormone and adrenal
corticoids (1).
W
,\, In the course of glucose metabolism via the major metabolic pathways,
f, specific glucose carbons can be oxidized and expired as CO,, These
" observations have been utilized to estimate the contribution of the pentosc
R cycle to glucose metabolism (2). Several studies have demonstrated that the
hormones have marked effects on glucose oxidation and that these effects are
‘. associated with specific tisues or organs. Thus, glucagon reduces U-cl4-
N glucose oxidation both in perfused rat liver (3,4) and in rat liver slices
‘: (5,6) but stimulates glucose oxidation in perfused rat heart (7). The hormone
.~ has no effect on glucose oxidation in adipose tissue (8). In contrast to
b glucagon, insulin consistently stimxlates glucose oxidation in several
systems. The hormone enhances U-Cl -glucose oxidation 1in rat epididymal
,' adipose tissue (9), but oxidation of C-1 of glucose is stimulated to a greater
* O
3

extent than oxidation of C-6 (10,11). Similar observations were reported in
) studies with mammary gland preparations (12).  Administration of insulin to

diabetic rats restores hepatic oxidation of 1—C14—glucose and 6-—Cl4—glucose to
A the level observed in control rats (13). The hormone also stimulates
oxidation of U-C14—glucose in rat diaphragm preparations (14,15). Exogenous
insulin temporarily enhances in vivo oxidation of U—Cl4—glucose in fed,
fasted, or refed rats (16,17) and of 1—Cl4—-glucose in fed rats (18).

oy Epinephrine decreases U-Cl4-glucose oxidation in liver slices from fed,
s fasted, or refed rats (5). No epinephrine effect was observed in rat
Kl thymocytes (19).

‘: Beyon® these observations, little is known about the impact of the three
f_ hormones on glucose oxidation in the intact animal. Since these hormones
,:: regulate the major metabolic pathways of glucose, we hypothesized that the

hormones would have pronounced effects on in vivo oxidation of specific
carbons of glucose molecules. Accordingly, in the present study, we exanined
acute effects of insulin, glucagon and epinephrine on oxidation of uclio

[

- glucose, 1"14(3, 2-U¢ ana 6-l4c, In addition, acute hormonal offocts on
:: sclect%\i strategic  hepitic  glycolytic  and  gluconcogenic  cnzymes  wenss
3‘_\" determined.
Y
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MATERIAL AND METHODS

Animals and Anesthesia - Male Holtzman rats weighing 270-300 gm were used
in all experiments. They were individually housed at 25°C in stainless steel
wire cages and fed a commercial laboratory rat diet. Food and water were
available at all times, wunless otherwise 1indicated. The rats were
anesthetized with pentobarbital (50 mg/kg) administered intraperitoneally and
used 10 minutes later for further experimentation. The degree of anesthesia
appeared uniform, as none of the rats woke up and became active during
experimentation.

Hormone and l‘lcﬂlucose Administration - All hormone solutions and léc-
glucose dissolved in saline were administered via the tail vein. Crystalline
glucagon (Eli Lilly and Co., Indianapclis, Ind) was Jissolved (1 mg/ml) in the
manufacturer's diluent which contained 14 mg/ml lactose, 1.6% glycerol, and
0.2% phenol. Insulin solution (IletinR, 40 U/ml) was further diluted, and
epinephrine bitartrate was dissolved in sterile saline. where applicable,
glucagon was administered first, followed imrwediately by insulin., Prelim.oay
experiwents indicated that single Injections of ) ug of epinephri > causes

acute pulimonary edamna, and the rats ux‘air‘d .w' o 3 o S crnateea. Tl
problem was not encountered wnen 2 ug cf epingphin o were aduninisterad over a

l-mirute period. <Control rats were injected mtn tne corresponding volume of
the diluent. The group sizes, dosage levels of the normcnes, and the pos:tion
of e label in the glucose molecule are indicated in the tobles.,  All blood
sargles wore obtainad iran the tail vein.

Hornonal FEffects on Plasma Glucose Lovols - 3 sorros S0 v vimen 5 war
conducted as folicws: After 0.1-0.2 ml of Hlood were collwtad 1o Jiucoe
analysis (zero time), 0.2 ml glucagon, insulin or epicephrine we:e 1njecte)
and flush -1 dnto the wedn with 0.2 mi of saltn . adirnioogl Lic ey samply
wore taken 5, 10, 20, 30 and 40 minutes laters i Liocd was cortraofugad oae
1600 x g in a refrigerated centrifuge to obtain plasma samples. Plasma

glucose levels were detormined by the glucose oxidas: method (20).

Hormonal Effects on_G! :cose Oxidation - Specitically label..d C“‘:—jl;;\j(lf'
solution was aainistered lmnunltol, following  gilucajon, 1 .
epinepnrine injections.  The rat's head was pluced 1n a snall plastic o le
from which the bottom had been removed. Alr was drawn through the bot i uia
expired Cldo, 5 collected in an aquecus solution of 20 axdi '
Allquo*s of 2t1e solution were witindrawn and diluted wita 100 7
scintillation  solution, Radiozctivity  was  deternined in a
scintillation spoctrometor, At the eond of the ¢ llection perind, bleoal was
Wltndr v 1nto heparinazed syringes and processed s before,
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Ao Hormonal Effects on Fnzyme Activity - After tne abdanen was opened,

:-:, approximately 50 mg ot epatis tissue woas lmmediato by ramoved (zero tune) o

-f-{ cooied 1 1ce-cold  saline, A small prece of gauare was placed over the

b 1ncision and kept moist with sallne to prevent drying of the surface of the

. liver. Additional liver sanples wer. collected 5, 10, 20 and 40 minutes after
the hormonal injection. All liver samples were randomly taken from different

R peripheral sites of tne orjan.  No samples  contiljuous to g previous sannling

. site were taken. Ten percent liver homogenates were prepared 1n 0.25 M

‘_" sucrose solution, uslny o ail-glass tissue homogenizer, An aligquot of the

e homogenate was centrifuged for 30 minutes at 105,000 x g in a refrigerated

T centrifuge. Enzyme assays were performed on the diluted homogenate or on a

r clear supernatant fluad. The  following methods were applied for the
determination of enzyme uotivities: glucose-6-phosphatase, the method of Cori

-.: and Cori (21); glucokinise, "he method of Vinuela et al (22); fructose-1,6-

:. diphosphatase, the methad of Racker (23); phosphofructokinase, the method of

- Lea and Walker (24); pyrivate Kinase, the method of Bucher and Pfleiderer

o (25); phosphoenolpyruvate: carbosiykinase, the methoad of Nordlie and Lardy (206)

v and Shrago and Lardy (27); glucouse-6-phosphate denydrojenase, the method of
Horecker et al (28); o'yl CoA carboxylase, the method of dHsu et al (29).

o Cyclic AMP was measur+i by the method of Gilman (30) and protein was

.\:.,' determined by the metno: of Lowry et al (3l). Enzyme activity was expressed

o as nanomoles of Sabstrate metabolized per minute per mg of

S protein(nmol/min ma} . All data were initially evaluated with analysis of

o variance and significans difterences between means were identified by the
Newnan-Keuls test (32).
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' RESULTS
i‘
‘; The Hormones and Plasma Glucose Levels - From the zero time to 5 minutes
"‘ after administration of glucagon, the glucose level increased by approximately
",. 48% (Table 1). The maximal effect occurred 10 minutes after glucagon
K administration. A marked hyperglycemia was maintained for an additional 30
minutes., The glucose level 5 minutes after insulin administration decreasad
’,: by about 52%, when canpared to that at the zero time. Thereafter, secvere
1 hypoglycemia was observed throughout the entire 40-minute experimental period.
o, Plasma glucose levels increased by approximately 25% in 5 minutes after
o epinephrine administration., Again, the levels remained elevated during the
< entire experimental period.
A
b The Hormones and Glucose Oxidation - In general, the effects of glucagon
s and insulin on the oxidation of various glucose carbons were rapid. The
: effects were apparent 5 minutes after an administration of either hormone, and
% persisted throughout the entire experimental pericd (Table 2). In comparison
to the controls, glucagon doubled the ldco roduc tion from U-“C—glucose, and
. insulin increascd oxidation by about 68% during the 40-minute experimental
QN period, When glucagon and insulin were administered in combination, ro
: additive cffect on glucose oxidation was observed (Tuble: 2).  The eflect of :
N each noraore on plasna glucose was as expected: glucagon increased the p
'V glucose level and insulin decreased it. Insulin, when given together with ]
¢ glucajen, reduced the glucose level.
i ,
,.:n Glucagyon nad no significant effect on 1—1"c—glucose oxilation. In
:i' contrast, 1usulin enhanced oxidation by about 71% over the control velues. '
o elfect by insulin was obscrved when glucagon and insulin were aduinistered i:.
0 covirination, indicating that glucagon reversed insulin's effect on 1-léc-
glucose oxidation. Eazh hormone enhanced oxidation of 2—14:—g1ucose, glucagon
) by wbout 80% and insulin by about 68%, when conf .t >3 to the contral values.
\ No further effect was observed when the horrones were administered in \
! combination. Glucagon increased oxidation of 6—14C—glucose by 83% over the !
f controls; insulin had no effect. Glucose oxidation remained elevated even ;
Ry after administration of both hormones. Thus, insulin did not overcome
glucagon effect on ()—]‘4C-glucose oxidation. In general, the effects of the
4 two hormones on the oxidation of varicus glucose carbons were rapid. The
"_: effects woere apparent 5 minutes after an administration of either hormmone, and
8 persisted throughout the entire experimental period.
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Table 3 summarizes the effect of epinephrine on the oxidation of specific
carbons of glucose. Compared to the control values, epinephrine did not
affect 1-l4c- or 2-l4c-glucose oxidation. The hormone did enhance oxidation
of 6-14C—glucose by about 27% over the controls. For each instance, however,
the hormone increased plasma glucose levels by approximately 22% over the
control values.,

The data in Table 4 show that fasting alone decreased the oxidation of 1-
C-glucose by about 57% when compared to data for the fed animals (Group 3 vs
Group 1). Glucagon had no effect on the oxidation of 1-l4c-glucose either in
the control or in the fasting rats. Fasting animals depressed the oxidation
of 6-l4c-glucose by approximately 97% when compared to fed animals (Group 7
vs. Group 5). As expected, glucagon enhanced 6-14c-g1ucose oxidation in fed
rats (Group 6 vs. Group S5). The hormone also stimulated 6-14C-glucose
oxidation in fasted rats (Group 8 vs. Group 7). However, this effect was less
pronounced than the effect observed in fed rats. Glucagon increased plasma
glucose levels in fed rats. In contrast, the homones had no eftect on
glucose levels in fasting rats.

The Hormones and Enzyme Activity - Glucagon. Within 5 minutes after
injection of the hormone, there was a significant increase in the activities
of the key gluconeogenic enzymes, glucose-6-phosphatase, fructose-l,6-
diphosphatase and phosphoenolpyruvate carboxykinase (Table 5). In contrast,
the hormone reduced the activities of two key glycolytic enzymes, pyruvate
kinase and phosphofructokinase and the activities of glucokinase and acetyl
CoA carboxylase. The effect of glucagon persisted for at least forty
minutes. The activity of glucose-6-phosphate dehydrogenase did not change.
Five minutes after glucagon administration, a fourfold increase 1n the
concentration of cyclic AMP was observed. This effect persisted throughout
the entire 40-minute experimental period.

The Hornones and Enzyme Activity - Insulin The honmone produced chuiinges
in enzyme activity reciprocal to those produced by glucagon (Table 6).
Glucokinase, phosphofructokinase, pyruvate kinasec, glucose-6-phosphate
dehydrogenase and acetyl CoA carboxylase activity increased significantly
within five minutes of insulin administration. In contrast, glucose-6-
phosphatase and fructose-1,6-diphosphatase activity decrcased.  The insulin
effect persisted for at least 20 minutes. The hormone had no effect on the
levels of cyclic AMP or the activity of phosphoenolpyruvate carboxykinase.
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The Hormones and Enzyme Activity - Epinephrine - Epinephrine
administration produced a rapid, significant increase in the activity of
fructose-1,6-diphosphatase and phosphoenolpyruvate carboxykinase (Table 7).
The hormone reduced the activity of glucokinase, phosphofructokinase, pyruvate
kinase and acetyl CoA carboxylase. The effect of epinephrine persisted for
at least 10 minutes. The hormone had no effect on the activity of glucose-6-
phosphatase or glucose-6-phosphate dehydrogenase. Five and ten minutes after
epinephrine administration, a twofold increase in the level of cyclic AMP was
observed.
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B DI SCUSSION ;
R it
“\' There are many difficuﬁies inherent in interpreting pathways of glucose
‘ metabolism on the basis of ““CO, production from specifically labeled glucose
. in a metabolically active single tissue (2). These difficulties are magnified .
1) enormously when one attempts to interpret a similar set of data from in vivo 1
! studies. It is well established that administration of any of the three 8
" hormones evokes campensatory changes in systemic levels of other hormones and 1
" metabolites, which in turn, markedly alter a number of metabolic parameters N
! (33). Thus, during the 40-minute experimental period, a variety of '
campensatory changes may have taken place which could have complicated the
& interpretation of the observed changes. Furthermore, t contribution of V
& individual organs or tissues to the overall production of 0 is unknown. ¥
% Presumably, the most significant hormonal effects occurred In the liver, :
i) muscle, and kidney. '
) ;
. In the course of 14C—glucose catabolism through the glycolytic pathway, s,
> pyruvate can enter the tricarboxylic acid (TCA) cycle via two different
3 pathways: (a) by condensation with CO,, catalyzed by pyruvate carboxylase, to :
s form oxaloacetate, or (b) by oxidativeé decarboxylation, catalyzed by pyruvate b
M dehydrogenase, to form acetyl CoA. In the latter step C-3 and C-4 of glucose A
are released as ~°CO,, 1In the TCA cycle, isocitric dehydrogenase and alpha-
. ketoglutaric dehydro&enase release C-2 and C-5 of glucose during the second .
N turn of the cycle and C-1 and C-6 during the third and subsequent turns. In 0:
:“ the conversion of oxaloacetate to phosphoenolpyruvate, . catalyzed by :.
A phosphoenolpyruvate carboxykinase, C-2 and C-5 are released as ~7"CO., after the \
i‘ first turn of the cycle, but as C-1 and C-6 in the subsequent turifs. In the h
4 pentose phosphate pdlthwayI catalyzed by phosphogluconate dehydrogenase, C-1 of 2
. gjucose is released as 4co,. " In the subsequent reactions, the remaining .
0 COZ is metabolized as pﬂ:uvate through the TCA cycle (Figure 1). The rate \
0 at any mament at which “°CO, is produced is determingd by the specific !
:. radioactivity of the precurs%r carbon destined to form CO, and the flux y
.: through the decarboxylation reactions. ‘
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h Increased in vitro formation of 14co from C-6 relative to C-1 glucose
o has been interpreted as increased activity of the TCA cycle (2). Thus, the
oy results of our study suggest that glucagon enhances the TCA cycle turnover.
7, As the hormone reduces the activity of acetyl CoA carboxylase, the key enzyme
o in the synthetic pathway of fatty acids, an increased flux of pyruvate through
,' the TCA cycle enhances C-6 oxidation. In the fasting animal, the TCA-cycle

turnover 1i; markedly decreased and pyruvate enters the cycle primarily as
oxaloacetate (34), thus increasing the amount of cycle intermediates. With

\ . . . .
N respect to the economy of the starving organism, increasing the amount of the ,
' pe . xny 9 .

A TCA-cycle intermediates from uvate and therefore, ultimatel from

‘ pyruva . Y : !

"' carbohydrate, makes sense, since these intermediates can be used for synthesis '
' ?5 amino acid and proteins. This process further dilutes the radioactivity in

",

COZ. The fed rat has no need to manufacture amino acids; it can therefore
afford to burn the pyruvate directly through deczirfoxylation and reactions of
the TCA cycle. Therefore, a large fraction of “*CO, observed in fasting is

N likely produced by conversion of oxaloacetate “to phosphoenolpyruvate, 4
. catalyzed by phosphoenolpyruvate carboxykinase which responds to glucagon '
\ (Table 5). Another avenue of glucose catabolism is the glucuronic acid v
o pathway, a pathway in which C-6, but not C-l,,}s oxidized to co, (%2),

However, in this study no effcct of glucagon on L’COZ fonnation from U-- C-
) glucurcnat> was observed. It would appear tho no significance can be
N attfqho«i tn the gontribution of the glucuronic il pathway tc the £omatic.
:: of “CUZ froxn {;—L.‘C‘(ll,ll‘()“;t‘.
"
Cd

3
Incrasxd oxidation of 1-1¢glucose induced by insulin confirms similar

findings ot otners (16,18 and sy post s an increassd activity of the pentos.s

{;A.

. cycle. This conclasion is consistont with the effect of insulin on the

o activity of glucose-u-phosphat? dehydrogenase,
Y

v Born insalin and gJluacagon stimulate oxidation of 3—14C-glucose. It has
it becn domonstratadl that rearrancwsnt of olucos:e carbons occurs via the pentose
.:l cycle (263, C-2 of gluzose :5 randomized into C-1 ard C-3 of fructose-6-

, phosphate and tnerefore into C-1 and C-3 of glucose-6-phosphate upon the
_ canpletion of toe cycle. C-1 of glucose-f-phosphate is oxidized to CO, in the :
I pentose cycle and -3 in the TCA cycle (Figure 1). 1Indeed, in vitro“studies '
2 demonstrated that the groatest randamization of glucose carbons in the pentose !
. cycle occurs in the presence of insulin (37).
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Both epinephrine and glucagon stimulate oxidation of 6-l4c-glucose.
However, the stimulation by epinephrine was less pronounced than that by
glucagon. In this respect, the action of the two hormones is similar to their
effect on the activity of several gluconeogenic enzymes (Table 7, ref 38).
Factors such as the dosage level of epinephrine, the half-life of the hormone,
or possibly different physiologic mechanisms may account, at least in part,
for the less pronounced effect of epinephrine, in comparison to glucagon, on
6-14Cc-glucose oxidation.

Alterations in the glucose oxidative pathways were accampanied by
pronounced changes in the activities of glycolytic and gluconeogenic enzymes.
In general, glucagon and epinephrine stimulated gluconeogenesis and decreased
glycolysis, whereas insulin enhanced glycolysis and synthesis of fatty acids
and reduced gluconeogenesis. The rapid and antagonistic effects of the throo
hormones on carbohydrate metabolism are consistent with the previous studies
of insulin, glucagon and epinephrine on these pathways (5,6,38,39).

Since the rate-limiting step in the glycolytic pathway in the liver is a
phosphofructokinase step, the rapid change in the activity of this enzyme
would explain the effects of glucagon and insulin on glycolysis. The
activities of other glycolytic enzymes, glucokinase and pyruvate kinase are
also rapidly changed in a reciprocal manner by insulin and glucagon (Figure
2,3). Glucagon and epinephrine act as inducers of the key gluconeojenic
enzymes glucose-6-phosphatase, fructose-1,6-diphosphatase and
phosphoenolpyruvate carboxykinase (Figure 3,4). In contrast, insulin acts as
a suppressor. It is well established that carbohydrate and fat metabolism in
liver are intimately coupled. The synthesis of fatty acids is maximal 1n the
livers of animals fod a high carbohydrate dict. A roverse situation 1s
rapidly obtained upon administration of glucagon (8). There 15 general
agreement that the limiting step in the synthesis of fatty acids is at th
level of acetyl CoA carboxylase. In this study, we have shown that glucagon
or epinephrine and insulin exert a reciprocal control over the activity of the
key lipogenic enzyme, in addition to the key enzymes of carbohydrate
metabolism.

The effects of glucagon and epinephrine on enzyme activity are
accampanied by a significant increase in the concentration of cyclic AMP,
suggesting that the effects are mediated by this nucleotide, presumably by
activation-deactivation of cyclic AMP-dependent protein kinases (40). Indead,
it has been reported that glucagon increases the extent of phosphorylation of
the glycolytic enzymes, rendering them less active (41,42). The effoct of
insulin is less clear. As others have reported (39), insulin does not produce
a change in cyclic AMP, suggesting that insulin does not mediate its
intracellular action via cyclic AMP. The hormone may oxert its effoct via
several mediators different from c-AMP (43).
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It is important to extrapolate the activity of an enzyme assay=~i 1in
broken-cell preparations to 1its presumed activity in the intact cell or
tissue, particularly when the enzyme is membrane-bound or latent, and hence
subject in vivo to a degree of constraint difficult to predict. This problam
is further magnified in the liver. Several studies using histochemical
techniques or microdissection have found differences 1in the distribution of
enzymes among hepatocytes of the liver acinus (44-47). According to these
studies, acinar zone-1 hepatocytes  are predamninantly  engaged in
gluconeogenesis, while cells in acinar zone 3 participate predaminantly 1n
glycolysis. There is no sharp division between gluconecogenic and glycolytic
hepatocytes. Enzymes corresponding to each pathway can be detected in koth
zones. Only the predaminance of one or another rate-limiting enzyme system
would make the zone either gluconeogenic or glycolytic. 1In addition, other
parameters that have not been determined at the zone level, such as the
concentration of substrates, coenzymes, activators, 1nhibitors and oxygen in
each zone may play important roles in determininj these metabolic fluxes in
Vivo, In our erxperiments, tissue samples were r.uxlanly selected from the
periphery of the liver lobes, thus minimizing the variability and the effect
of metabolic zonation on the outcane of this study.

CONCLUSTONS

T secly daronstrates that insulln acts antayenlstically to glucagon and
vourine in controlling blood glucose concentrations in mamnals. The rapid
<ot oof snese hoomones on blood glucose 1s, at l-ast in part, explained by
Jtorators in the activiti:ge  of  several  strategic glycolytic  and
plv el T enzyme systems in che liver.  Accamnpanipying the rapld changes i
cnzyme activities are pronounced changes in the flow of glucose carbons via
the tricarcoxylic acid and the pentose phosphate circles.  The pres:ot stad -
su)osts that in vivo oxldation of specific carbons of glucose 13 Jdependent on
tiee rolative concentrations of insulin, glucagon, and epinephrine 1n too
CRRER T I T study further suggests that the hree hormones cocrdinate
L oo pyt ool s mechanisns to prevent or cotroot hypoglycania.
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! RBECOMMENDATIONS

1

5 The critical biochemical and physiological factors affecting the

& concentration of plasma glucose in humans subjected to a variety of stresscs
should be delineated.
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Table 1 Effect of Glucagon, Insulin and Epinephrine on Plasma Glucose Levels.

&5

Table 2 Effect of Glucagon and Insulin on Glucose Oxidation.

Fa%
Z

Table 3 Effect of Epinephrine on Glucose Oxidation.

o .
‘;«{ Table 4 Effect of Glucagon on 1-14cGlucose and 6-14c-Glucose Oxidation
‘w‘:_'. in Fed and Fasted Rats.
,,cf‘,l. Table 5 Effect of Glucagon on the Activity of Hepatic Enzymes and Cyclic AMP.
N, Table 6 Effect of Insulin on the Activity of Hepatic Enzymes and Cyclic AMP,
T Table 7 Effect of Epinephrine on the Activity of Hepatic Enzymes and Cyclic
.‘N; :
R
Figure 1 Metabolisn of Glucose via the Glycolytic and Pentose Phosphate
o Pathways.
.-,".r
e Figure 2 [nsulin and Enzpve Activity.
-,"-" Figure 3 Glucagon and Enzymne Activity.
SR Filoure 4 Epinephrine acl Enzyme Activity.
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FIGURE 1| Klain--25

METABOLISM OF GLUCOSE VIA THE GLYCOLYTIC
AND THE PENTOSE PHOSPHATE PATHWAYS
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